In vitro studies were undertaken to measure the effects of varying concentrations of albumin and flux on the photodecomposition of bilirubin.
Introduction
many investigators in this country and abroad over the past 13 years [1-5, 9-14, 18, 19, 24, 25, 27, 28, 30] . Successful treatment and prophylaxis of neonatal hyMany questions regarding the physical hazards of phoperbilirubinemia with phototherapy-the use of magtotherapy have been posed by investigators who have netic waves of visible light-have been reported by observed harmful effects produced in animals after ex- posure to high intensity radiation [6, 8, 15, 20, 26] .
Other obstacles to the wider acceptance of phototherapy are attributable to the complexity of evaluating the in vivo system and the difficulty of extrapolating laboratory results to the clinical situation [2, 9, 10, 17, 19, 21, 22, 25, 28] .
The in vitro studies reported herein were designed to measure the effects of variations in concentrations of albumin and flux (see Table I ) upon the photodecomposition of bilirubin. Also, experimental lamps were tested.
Materials and Methods

Apparatus
A light exposure box was built which allowed simultaneous exposure of three solutions by three different lamps. A Reeder thermopile [31] was used to measure the total flux (watts per square centimeter) of each lamp. The response of the thermopile is linear within 2% over the entire visible portion of the spectrum. One-millimeter precision cells [32] were used to expose solutions to lamps as well as to measure absorption spectra. Absorption spectra were obtained with a Cary model no. 14 recording spectrophotometer [33] .
The lamps utilized in the tests consisted of two commonly used lamps, the cool white (GE F20T12CW) and high intensity blue (GE F20T12B), and two experimental lamps, A and B (Fig. 1) . Lamp A was phosphor no. L7352 [16] and Lamp B was no. FPB 533C [23] .
Reagents
Standard phosphate buffer (pH 7.4) was prepared according to the method of White et at. [29] . Crystalline unconjugated bilirubin [34] and crystallized human albumin [34] were used. Bilirubin was routinely recrystallized from methanol-chloroform solution. The first batch was subjected to ascending thin layer chromatographic analysis on silica gel plates, and no separated impurity spots were observed. The infrared spectrum of bilirubin prepared in this manner was obtained in a potassium bromide pellet. The spectrum showed only those bands assigned to bilirubin. After the pellet was exposed to daylight for several days, its spectrum showed no significant change. In this manner, it was established that bilirubin in a solid dry state was relatively insensitive to light. Test solutions were prepared by dissolving the appropriate amount of bilirubin in a minimum amount of 0.1 N sodium hydroxide solution. Albumin was added and the volume was adjusted with phosphate buffer. Bilirubin concentration ranged from 7.5 to 30 mg/100 ml and albumin concentration from 0.05 to 5.0 g/100 ml. 
Test Procedure
In the light exposure tests, portions of the test solutions were transferred to the 1-mm cells, and their absorption spectra were recorded. The cells were then placed in the light exposure box for irradiation by the appropriate lamps. Each sample was placed at a distance from the lamp which provided the desired flux as measured with the thermopile at the front surface of the cell, except for those runs in which constant distance was employed. The lamp to sample distance varied from approximately 3 to 18 inches. Concurrently, a reference sample was prepared for monitoring any dark reaction. Periodically, the absorption spectra were obtained for both the test and reference samples in order to measure the bilirubin absorption as well as to observe any change in spectral shape. No temperature changes were observed.
In order to measure the relative effectiveness of the different lamps, samples of synthetic icteric serum were exposed to radiation from each. The concentration of bilirubin at any given time was inferred from the absorbance at 455 nm, and the rate of decomposition was measured by the decrease in absorbance at this wavelength. The lamps were tested under conditions of constant distance and constant flux. To ascertain the effect of albumin on photodegradation of bilirubin, 20 mg/100 ml solutions of bilirubin were exposed at pH 7.4 for periods of 4.5 hr to the same flux levels. The only variable in this series was the amount of albumin.
Finally, a series of tests was made to determine the effect of varying flux levels while maintaining all other factors constant.
To measure the effect of time on the spectral output of the fluorescent lamps, the maintenance of the four lamps was tested with a spectral radiometer. Light from a 4-inch section of the middle of the lamp was allowed to pass through a monochrometer to a photomultiplier. The output of the photomultiplier was digitized and fed to a computer that corrected the results for instrument spectral sensitivity. The computer then printed out the energy emitted by the lamp for each 2-nm interval. Blue, cool white, and two experimental lamps were measured with this equipment. Figure 2 compares results of bilirubin sample exposures to the four test lamps. Samples were so placed that the total light flux was constant. This shows that, after 5.5 hr of irradiation, the high intensity blue lamp was twice as effective as the cool white. Moreover, the experimental lamps exhibited a 17% increase over the GE blue lamp.
Results
In actual clinical use, lamps are placed at a fixed distance from the infant. A test run was therefore made under the conditions of constant lamp to sample distance. The results (Fig. 3 ) are quantitative differences which can be attributed to different lamp fluxes. For example, the blue lamp was 1.6 times as effective as the cool white, as contrasted to the factor of 2.0 found in the previous measurements. This is partially explained by the fact that at a fixed distance the flux level of the cool white was 10% greater than in the constant flux level experiments. Figure 4 shows lamp maintenance data for a typical cool white lamp [35] . The percentages of initial output obtained after 100 hr of operation for the two experimental lamps were 91% for A and 94% for D. For the cool white lamp, the value was 96% and for the blue lamp the value was 85.7%. The percentage of initial output for the blue lamp in the 420-to 480-nm region at 200 hr was 80.9, indicating a 20% dropoff at 200 hr. Moreover, the energy output after 200 hr was constant for every 2-nm reading within this interval.
Increasing albumin concentrations retarded the photodecomposition process. Figure 5 shows the effect of increasing albumin on the reaction rate of bilirubin at pH 7.4. As the concentration of albumin was increased, the reaction rate decreased. Beyond 4 g/100 ml albumin, little reduction in reaction rate was observed. Figure 6 shows a nonlinear relation between reaction rate and flux in which higher flux levels resulted in less decomposition per unit flux. The lower the flux level, the higher was the efficiency of the system. One implication of Figure 6 is that the most efficient use of phototherapy is with the use of the lowest possible flux level necessary to maintain the desired bilirubin concentration. It is further suggested that continuous exposure is preferable to the intermittent mode.
% ALBUMIN CONCENTRATION (grams/ 100 ml) Fig. 5 . Decomposition rate as a function of albumin concentration. As the concentration of albumin increases, photodecomposition rates decrease, i.e., the efficiency is lowered. 
Discussion
The ideal lamp for phototherapy is one that exhibits all of its emission between 450 and 460 nm. However, practical fluorescent lamps emit bands of greater than 10-nm width. The broad spectrum cool white lamp exhibits most of its phosphor emission between 500 and 700 nm. The blue lamp emits maximal energy at 450 nm and is more suitable. Confusion occurs here because we are not concerned with footcandles or lumens (see Table I ), but are interested in the actual specific energy, which is measured in microwatts per square centimeter, or flux, for the specific nanometers or wavelengths involved in the process of photodecomposition of bilirubin. So, although a cool white bulb gives a higher footcandle reading on a light meter, it lacks flux comparable to the blue lamp. Again, the blue bulb gives a lower footcandle reading and emits a high relative energy concentration in the 420-to 480-nm zone.
Seeking effective narrow band phosphors, we selected two phosphor systems (Fig. 1) . Most of their energy output was found to be in the desired wavelength region and their peak emissions were 4-5 times as great as that of the blue lamp.
The spectral output of all fluorescent lamps decreases as a function of time. The qualitative form of this deterioration is similar for all fluorescent lamps; i.e., phosphor decay is characterized by a relatively rapid dropoff in the first 100 hr, followed by a more gradual steady decline. The severity of the deterioration can therefore be judged by the amount of deterioration at 100 hr. For example, Figure 4 shows a lamp maintenance curve for a cool white lamp [35] . The shape of this curve is similar for all fluorescent lamps; that is, the brightness approaches an asymptote. The percentage of initial output obtained after 100 hr of operation for the two experimental lamps (91% for A and 94% for B) indicates that the lamps will have a very long life (thousands of hours) under normal operating conditions.
Because of the long predicted lifetime of the experimental lamps as compared with that found by Sisson et al. [28] for the presently used blue lamps, the maintenance of these lamps was tested. Our data showed only a 10% dropoff in spectral output at 200 hr, as opposed to 44% reported by Sisson et al. [28] .
Varying concentrations of albumin were investigated. One mole albumin is capable of binding two moles of bilirubin under our experimental conditions [21] . Since the molecular weights are in the ratio of ~1 00/1, 100 ml of 1% solution of albumin is sufficient for binding 20 mg bilirubin. Figure 5 shows the effect of increasing albumin on the reaction rate of bilirubin. Apparently, the albumin-bound bilirubin complex is more stable than free bilirubin, so that, as the concentration of albumin is increased, the reaction rate decreases. This result shows that although more albumin is desirable because of increased binding of bilirubin, which prevents deposition in tissue, it is disadvantageous in that it retards the rate of photodecomposition.
We studied the efficiency of phototherapy by varying flux levels while maintaining all other factors constant. Efficiency is defined as (percentage bilirubin decomposed per unit of time)/(total light flux). The lamps having the greatest efficiency will therefore theoretically accomplish the destruction of bilirubin with the least exposure of total radiation to the infant. The nonlinear relation between increasing flux and bilirubin decomposition as shown in Figure 6 means that higher flux levels result in less decomposition per unit flux. One implication of Figure 6 is that the most efficient use of phototherapy is the use of the lowest possible flux level necessary to maintain the desired bilirubin concentration, ft is further suggested that continuous exposure is preferable to an intermittent mode. With intermittent use, light might be on for 2 hr and off for 2 hr. The "on" period must produce the same amount of decomposition as 4 hr of continuous exposure. In order to achieve this, twice the decomposition rate must be attained. Figure 6 shows that much more than twice the flux level is required to attain a twofold increase in decomposition rate. Thus, the intermittent mode of therapy would require exposure to much more light. The effect of light flux is such that the lowest practical level is recommended. Moreover, continuous exposure is recommended to provide more efficient decomposition per unit of flux. Clinically, this was confirmed by Jurado-Garcia [13] .
Conclusions
The experimental lamps, chosen on the basis of their emission spectra, are found to be 15-20% more effective than the high intensity blue lamps used in clinical phototherapy. Cool white fluorescent lamps are found to be only half as efficient as the blue lamps. These results are similar regardless of albumin, flux, or bilirubin level. Increasing albumin concentration retards the photodecomposition process. The effect of light flux is such that continuous exposure at the lowest practical level is recommended.
